Abstract. The senescence accelerated mouse prone (SAMP) mice with a shortened life span show accelerated changes in many of the signs of aging and have a shorter reproductive life span than SAM resistant (SAMR) controls. The reproductive senescence of SAMP is more accelerated than that of SAMR. In the present study, we found abnormal accumulation of luteal bodies (LBs) only in the ovaries of SAMP mice and, we examined the mechanism of abnormalities in luteal cell regression in the ovaries of SAMP mice. No significant changes were detected in serum progesterone or 17β-estradiol levels during estrus cycle between SAMP and SAMR mice. In abnormally accumulated LBs of SAMP mice, extremely high levels of activity of 20α-hydroxysteroid dehydrogenase, which catalyzes conversion of progesterone to the inactive form, 20α-hydroxyprogesterone were demonstrated histochemically. However, no marked differences in activity of 17β-hydroxysteroid dehydrogenase were detected histochemically. Moreover, no apoptotic cells were detected in the abnormally accumulated LBs of SAMP mice. Extremely weak immunohistochemical reactivity for endothelial nitric oxide synthase (eNOS) was noted in the abnormally accumulated LBs of SAMP mice, but no differences were seen in inducible NOS (iNOS). No marked differences in expression of eNOS-or iNOS-mRNA were seen during the estrus cycle in the ovaries of SAMP mice. However, high levels of expression of eNOS-mRNA at estrus stage and of iNOS-mRNA at estrus and metestrus stages were noted in the ovaries of SAMR mice. SAMP mice may be a useful model in which to examine the mechanism of regression of LBs in mammalian ovaries.
SAMP mice with advancing age have been studied by many investigators [3] , there are insufficient data on the reproductive properties of SAM mice. Previously, we compared the morphometric parameters of spermatogenic cells of male SAMP mice with those of SAMR mice after birth until 40 weeks old (approximately the mean life span of the SAMP strain) [4, 5] , and these results indicate that testicular maturation begins at an earlier age in SAMP mice than in SAMR mice, and that signs of testicular deterioration are evident only in SAMP mice at the age of 40 weeks. Moreover, we p reviously compar ed female rep roductive properties and early embryonic development of SAMP mice with those of SAMR mice [6, 7] . The reproductive senescence of SAMP mice is more accelerated than that of SA MR mice . The reproductive life span of SAMP mice was shorter than that of SAMR mice, and the total number of SAMP pups was 41.7% fewer than in SAMR. Cell cleavage was delayed in embryos of SAMP mice c o m p a r e d t o S A M R m i c e . D u r i n g t h e s e investigations on the reproductive properties of SAM mice, we found the abnormal accumulation of luteal bodies (LBs) in the ovaries of SAMP mice. Howeve r, the mechanism of the abnormal accumulation was not understood. The aim of the present study, therefore was to determine the mechanism of the abnormalities in luteal cell regression in the ovaries of SAMP mice. In the present study, we examined the changes in serum progesterone and 17β-estradiol levels in SAM mice during the estrus cycle, enzyme-histochemically demonstrated the activities of 17β-hydroxysteroid dehydrogenase (17β-HSD) and 20α-hydroxysteroid dehydrogenase (20α-HSD) to determine steroid hormone production in the ovaries, histochemically determined the apoptotic cells in the LBs by terminal deoxynucleotidyl transferase-mediated biotinylated deoxyuridine triphosphate nick endlabeling (TUNEL), immunohistochemically demonstrated endothelial nitric oxide synthase (eNOS) and inducible NOS (iNOS), which produce nitric oxide (NO), and examined the expression of mRNAs of these NOS estimated by reverse transcription polymerase chain reaction (RT-PCR) in the LBs of SAMR and SAMP mice.
Materials and Methods

Animals and tissue preparation
Twenty-to thirty-week-old female SAMP (SAMP1//FAP) and SAMR (SAMR1/FAP) mice bred in our laboratory were used. The mean life span of the SAMP mice (42 weeks) is shortened by about 26% relative to that of the SAMR mice (57 weeks) [1, 2, [4] [5] [6] [7] . All animals were housed in polycarbonate cages and were given a standard diet (Oriental Yeast, Tokyo) and tap water ad libitum in an air-conditioned room (22 ± 2 C) under controlled lighting conditions (14 h light/10 h dark). They received humane care as outlined in the Guide for the Care and Use of Laboratory A n i m a l s ( K y o t o U n i v e r s i t y A n i m a l C a r e Committee according to NIH No.86-23; revised 1999). As described in our previous reports [6, 7] , SAM mice were checked daily, and only those without severe changes (severe loss of activity, hair loss and lack of hair glossiness, skin coarseness, p e r i o p h t h a l m i c l e s i o n s , a n d i n c r e a s e d lordokyphosis of the spine) estimated according to Takeda et al. [1] were used. Estrus cycle stages were determined by daily examination of vaginal cytology according to Pedersen [8] , and animals showing more than two consecutive 4-day estrus cycles were used. They were sacrificed under ether anesthesia in the afternoon (approximately 14:00) at the proestrus, estrus, metestrus and diestrus stages. Ovaries were rapidly removed, weighed and cut. For RT-PCR analysis, a part of the tissue was frozen i n l i q u i d n i t r o g e n .
F o r c o n v e n t i o n a l h i s t o p a t h o l o g y , T U N E L s t a i n i n g a n d immunohistochemistry for eNOS and iNOS, a part of the ovary was fixed with 10% phosphate buffered formalin (pH 7.4). The tissue samples were dehydrated through a graded ethanol series and embedded in Histosec (Merck Co., Darmstadt, Germany). Serial sections (3 µm thick) were cut f r o m th e m e d i a n p a r t o f e a c h o va ry o n a microtome, mounted on glass slides precoated with 3-aminopropyltriethoxysilane (Sigma Aldrich Inc., St. Louis, MO, USA), deparaffinized in xylene, and rehydrated through a graded ethanol series. For enzyme-histochemistry, the remaining tissue was put on filter paper, mounted in OCT compound (Miles, Elkhart, IN, USA), frozen in a dry ice/ isopentane mixture (Wako Pure Chemicals, Osaka, Japan), and then serial frozen sections (5 µm thick) were cut on a cryostat (Jung CM1500; Leica, Heidelberg, Germany) and mounted on glass slides precoated with 3-aminopropyltriethoxysilane.
Serum 17β-estradiol and progesterone levels
Female SAM mice were bled at different stages in the estrus cycle (proestrus, 13:00 and 23:00; estrus, 13:00; metestrus, 13:00 and 23:00; diestrus, 13:00). Serum 17β-estradiol and progesterone were measured in each sample by 125 I radioimmunoassay (RIA) as reported previously [7, 10, 11] . All samples were assayed in triplicate and the means were utilized as data.
Enzyme-histochemistry for 17β-HSD and 20α-HSD
To determine the levels of 17β-HSD and 20α-HSD activities in LBs of SAM mice, frozen sections were dipped in incubation media for 17β-HSD activity [10 ml of 0.1 M phosphate buffered saline (PBS; pH 7.4) containing 1.8 mg of 17β-estradiol (Sigma) in 0.5 ml of acetone, 4 mg of β-nicotinamide adenine dinucleotide (NAD) and 2 mg of nitro blue tetrazolium salt (NBT)] and 20α-HSD activity [14 ml of 0.2 M Tris-HCl buffer (pH 8.0) and 14 ml of 50% polyvinylpyrolidone (PVP) containing 35 mg of N BT, 35 mg of β -n icoti na mid e a den ine d i n u c l e o t i d e p h o s p h a t e ( N A D P ) , 7 0 m g ethylenediaminetetraacetic acid disodium salt (EDTA), 35 mg of 20α-hydroxypregn-4-en-3-on (Sigma) in 7 ml of N,N-dimethylformamide] at 36 C for 1 h [9] . The slides were washed with PBS, mounted with glycerol and examined with a microscope (BX50, Olympus, Tokyo, Japan).
Conventional histopathology, in situ detection of fragmented DNA
For conventional histopathological evaluation, paraffin sections were stained with hematoxylin and eosin according to the standard method. Adjoining sections from each specimen were stained by the TUNEL method using a commercial kit (Apop Tag; Oncor Inc., Gaithersburg, MD, USA) a s d e s cr i be d p re vi o u s l y [ 1 0 , 1 1 ] t o a l l o w visualization of the apoptotic cells. Briefly, the sections were fixed with 10% buffered formalin washed with PBS, incubated with 20 µg/ml of proteinase K (Sigma) in PBS for 15 min at room temperature (RT: 22-25 C), and then immersed in 2 % H2 O 2 i n m e tha no l f or 5 min to i nhi b it e n d o g e n o u s p e r o x i d a s e a c t i v i t y . A f t e r preincubation with equilibration buffer for 10 min at 37 C, sections were incubated with terminal deoxynucleotidyl transferase (TdT) solution containing 45 µM ddATP and 5 µM digoxigenin (DIG)-ddUTP for 1 h at 37 C, and then immersed in double strength salt sodium citrate buffer to stop the labeling reaction. After washing, the sections were incubated with peroxidase-labeled anti-DIG antibody solution for 30 min at RT and then reacted with 0.05% 3,3-diaminobenzidine and 0.002% H2O2 in 0.05 M Tris-HCl (pH 7.2) for 1 min at RT. After washing with distilled water , the se ctions dehydrated through a graded ethanol series were mounted with Eukitt (Kindler, Freiburg, Germany). The following positive and negative controls were included in each experimental run. As negative controls, the sections were incubated with omission of either TdT or DIG-ddUTP. As a positive control, tissue sections were treated with DNase I (1 µg/ml; Boehringer Mannheim, Indianapolis, IN, USA) 140 mM sodium cacodylate, 4 mM MgCl2 and 0.1 mM dithiothreitol in 30 mM Tris-HCl (pH. 7.2) for 10 min at RT before exposure to TdT, and sections prepared from young adult rat testis were used as physiological positive controls [10, 11] .
DNA electrophoresis
To assess the DNA fragmentation in luteal cells, LBs were isolated under a surgical dissecting microscope (SZ11, Olympus), and then DNA samples prepared from LBs were electrophoresed [10] . Briefly, LBs were homogenized, and then DNA fractions were separated by centrifugation at 9,000 g for 20 min at 4 C. DNA contents were determined by 4',6-diamidino-2 phenylindole dihydrochloride (DAPI)-fluorescence assay (Sigma) using calf thymus DNA as a standard, and then DNA samples were electrophoresed in 2% agarose gels with 40 mM Tris-acetate (pH 8.1) containing 2 mM EDTA, 18 mM NaCl, and 10 µg/ml ethidium b r o m i d e a t 6 0 V f o r 9 0 m i n . G e l s w e r e photographed on an ultraviolet transilluminator.
Immunohistochemistry for eNOS and iNOS
Paraffin sections of ovaries were washed in PBS and inactivated endogenous peroxidase with 0.3% H 2 O 2 in methanol. Non-specific reaction was inhibited by incubation with normal serum from the species in which the secondary antibody was made for 1 h at RT. The sections were incubated with each primary antibody [rabbit IgG against mouse-eNOS (Sigma) or mouse-iNOS (Sigma)] at a concentration of 1 µg/ml in PBS containing 5% of bovine serum albumin (PBS-BSA) for 18 h at 4 C, and then washed with PBS-BSA. They were incubated with biotinylated secondary antibody against rabbit IgG (Vector Lab., Burlingame, CA, USA) for 30 min at RT. Following washing with PBS, the sections were incubated with horseradish peroxidase-conjugated avidin-biotin complex antibody (Vector) for 1 h at RT and washed with PBS. The sections were incubated with 0.05% 3,3 diaminobenzidine and 0.002% H 2 O 2 in 0.05 M TrisHCl (pH 7.2) for 1 min at RT, washed with distilled water, and then counterstained with methyl green. Then, they were dehydrated through a graded butanol series and mounted with Eukitt. The following positive and negative controls were included in each experimental run. As negative controls, sections incubated without primary antibody were prepared in each experimental run. As physiological positive controls, paraffin sections prepared from the small intestine of ICR mice were used.
RT-PCR analyses for mRNA expression of eNOS and iNOS
Total RNA fractions were extracted from murine ovaries using a commercial kit (RNeasy mini kit; Qiagen, Chatsworth, CA, USA), and then reversetranscribed with oligo(d T) p rimer using a comm erc ial kit ( T-prime d first-strand kit; Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA) to synthesize first strand cDNA. RNA samples were brought to a volume of 33 µl using diethylpyrocarbonate (DEPC)-treated water, heated to 65 C for 5 min, and incubated at 37 C for 5 min. They were transferred into the microtubes of a commercial kit (Ready To Go T-Primed firststrand kit; Amersham) including dATP, dCTP, dGTP, dTTP, murine reverse transcriptase, RNAguard, RNase/DNase-free bovine serum albmin and Not I-d(T)18 primer. The samples were preincubated for 5 min at 37 C, and then incubated for 1 h at 37 C. The reverse transcription reaction was terminated by heating for 10 min at 90 C, and then samples were quick-chilled on ice to denature the RNA-cDNA duplex. The PCR mixture (1 × PCR buffer, 0.2 mM dNTP mixture, 1 mM MgCl 2 and 0.2 µM primers) was made up in accordance with the protocols supplied with Taq DNA polymerase (Gibco BRL, Grand Island, NY, USA). Primers designed to amplify the identical sequences of the mouse-eNOS (5'-AACCAGCGTCCTGCAAAC-3' and 5'-CAAAGAAAAGCTCTGGGTGC-3') and mouse-iNOS (5'-CCCTT-CCGAAGTTTCTGGCA-GCAGC-3' and 5'-GGCTGTCAGAGCCTCG-TGGCTTTGG-3') were used. PCR products of 181 and 496 bp were generated for eNOS and iNOS. PCR was carried out using a thermal cycler (Gene Amp PCR System 2400, Perkin Elmer, Norwalk, CT, USA). The amplification reaction included the following sequential steps: denaturation at 94 C for 1 min, annealing at 60 C for 1 min and extension at 72 C for 2 min, and 30 cycles of amplification were completed with an additional extension step at 72 C for 7 min. The PCR products were electrophoresed in 2% agarose gels, stained with 1 µg/ml of ethidium bromide, and then digitally recorded using a FAS-III recorder (Toyobo, Tokyo, Japan). All procedures were performed according to the manufacturer's protocols.
Statistical analysis
Analysis of variance, Fisher's exact test and chisquared analysis were carried out with the StatView IV program on a Macintosh computer. Differences at a probability of P<0.05 were considered significant. All data are shown as the means ± SD.
Results
Ovary weight and conventional histopathology
A significant increase in ovary weight of SAMP mice (130.5 ± 42.1 mg); (5,546 ± 2,055 mg/kg of body weight, 24.0 ± 2.5 g of body weight at 26.1 ± 3.0 week-old) was noted in comparison with that of SAMR mice (17.6 ± 2.3 mg); (638 ± 66 mg/kg of body weight, 27.6 ± 2.3 g of body weight at 27.6 ± 2.2 week-old) (P<0.01).
Many LBs (more than 50 LBs/ovary) were accumulated in the ovaries of SAMP mice (Fig. 2B ), but they were much fewer in the ovaries of SAMR mice (less than 20 LBs/ovary; Fig. 2A ). No marked differences in the number of LBs were seen between the ovaries of SAMR mice and agematched ICR mice, used as normal healthy controls (data not shown). Most of the accumulated LBs in SAMP ovaries were considered to be abnormally accumulated LBs. Thus, the more than seven fold increase in ovary weight of SAMP mice was caused by abnormal accumulation of LBs.
Serum 17β-estradiol and progesterone levels and enzyme-histochemistry for 17β-HSD and 20α-HSD
No significant differences were noted in serum 17β-estradiol (Fig. 3A) or progesterone (Fig. 3B ) levels throughout the regular 4-day estrus cycles between the SAMR and SAMP mice.
No marked differences were seen in intensity of 17β-HSD staining between the LBs of SAMR mice and those of SAMP mice (data not shown). Extremely strong 20α-HSD activity, however, was demonstrated in the abnormally accumulated LBs of SAMP mice (Fig. 4B ) compared with LBs of SAMR mice (Fig. 4A) .
In situ detection of fragmented DNA and DNA electrophoresis
During the regression of LBs, many apoptotic (TUNEL-positive) cells were demonstrated among luteal cells in the ovaries of SAMR mice (Fig. 5A) .
In abnormally accumulated LBs of SAMP mice, however, no TUNEL-positive apoptotic cells were detected (Fig. 5B) .
The results of electrophoretic analysis of DNA fragments in LB bodies of SAMR and SAMP ovaries are shown in Fig. 6 . DNA samples from LBs of SAMR ovaries displayed a ladder pattern, a biochemical hallmark of apoptosis (Fig. 6 lanes 5-9) . No such ladder pattern was seen in the DNA samples prepared from LBs of SAMP ovaries (Fig. 6  lanes 1-4) , indicating that no apoptosis occurred in luteal cells of abnormally accumulated LBs in SAMP ovaries.
Immunohistochemistry for eNOS and iNOS and RT-PCR for expression of mRNAs of eNOS and iNOS
Trace immunohistochemical reactivity for eNOS was seen in abnormally accumulated LBs of SAMP ovaries at the metestrus stage (Fig. 7B ), but extremely strong immunoreactivity was noted in the LBs of SAMR ovaries (Fig. 7A) . No marked differences were seen in immunohistochemical reactivity against iNOS between the LBs of SAMR mice and those of SAMP mice (Fig. 7C and D,  respectively) . At other stages of the estrus cycle, no marked differences were seen in immunohistochemical reactivity against either eNOS or iNOS between LBs of SAMP mice and those of SAMR mice (data not shown).
Representative results of RT-PCR analyses for mRNA expression of eNOS and iNOS are shown in Fig. 8 . The RNA samples were obtained at the proestrus, estrus, metestrus and diestrus stages (lanes 1, 2, 3 and 4, respectively) . The results of the expression of GAPDH mRNA, a housekeeping gene used as control, in the ovaries of SAMR and S A M P m i c e a r e s h o w n i n F i g . 8 A a n d B , respectively. At all stages of the estrus cycle, expression of eNOS mRNA was detected in the ovaries of SAMR and SAMP mice (Fig. 8C and D,  respectively) , and expression of iNOS mRNA was also detected in the ovaries of SAMR and SAMP mice ( Fig. 8E and F, respectively) . In the ovaries of SAMP mice, no marked differences in eNOS mRNA expression were seen during the estrus cycle (Fig. 8D) , while strong expression of iNOS was seen at the proestrus stage (Fig. 8F) . In those of SAMR mice, however, strong expression of eNOS was noted at the estrus stage (Fig. 8C) and of iNOS at the estrus and metestrus stages (Fig. 8E ).
Discussion
The life span of SAMP mice is shorter than that of other mouse models used for aging research (CBA, C57BL, RFM and NZB strains) [3] [4] [5] [6] , and agedependent changes in reproductive functions are more severe in SAMP mice than in other murine models [4] [5] [6] [7] . Female reproductive parameters in aged SAMP mice, i.e. shorter reproductive life span, a reduction in parturition number, fewer live pups, and lower incidence of regular estrus cycles in comparison with age-matched SAMR mice, in which these reproductive parameters are within the normal ranges, indicate that age-related severe deterioration of ability of reproduction occurs only in SAMP mice [6, 7] . Even in young SAMP mice (15 weeks old), reduced litter size and lower incidence of regular estrus cycles were noted compared with normal/SAMR mice [6, 7] . Interestingly, we found abnormally accumulated LBs in the ovaries of SAMP mice with regular estrus cycles. The present study was performed to determine the mechanism of the abnormal accumulation of LBs in SAMP mice. During the estrus cycle, no differences in the kinetics of 17β-estradiol and progesterone in peripheral blood were observed between SAMP and SAMR mice, indicating that there are no differences in female hormonal regulation between the two strains. In luteal cells of abnormally accumulated LBs of SAMP mice, high levels of 20α-HSD activity were demonstrated histochemically. Moreover, high levels of 17β-HSD activity were also demonstrated in these cells by an enzyme h istoch e mica l me th od . S te r oid ho r mo ne s synthesized and secreted from the ovaries coordinate the function of the entire female reproductive system, and increased 17β-estradiol secretion characterizes the follicular phase of the estrus cycle, reflecting the specialized endocrine function of the preovulatory follicle, and the steroid hormone balance in peripheral blood reflects folliculogenesis and ovulation [7] . In luteal cells of rodents, progesterone is catabolized to 20α-hydroxyprogesterone, the physiologically inactive form, by 20α-HSD. Thus, the present results indicated that progesterone is synthesized and then rapidly catabolized into an inactive steroid in the luteal cells of the abnormally accumulated LBs in SAMP ovaries, that such catabolism does not affect normal progesterone level in peripheral blood of SAMP mice, and that SAMP mice show normal consecutive 4-day estrus cycles. In our preliminary study, extremely low concentrations of serum 17β-estradiol were detected in SAMP mice with irregular estrus cycles (unpublished data), and such irregular secretion of 17β-estradiol is considered to reflect the age-related deterioration of reproductive functions in the ovaries of SAMP mice [6, 7] . Abnormal accumulation of LBs are a unique ph e n o m e n o n o n l y s ee n S A M P m i c e. O u r NO is a paracrine molecule that evokes cell function via gas diffusion, a new concept in cell to cell signaling [12] . NO participates in a variety of general physiological mechanisms such as relaxation of smooth muscle cells in precapillary b l o o d v e s s e l s , i n f l a m m a t i o n a n d n e u r otransmission [13] [14] [15] . NO is produced by the conversion of L-arginine to L-citrulline catalyzed by NOS, three isoforms of which (eNOS, iNOS and neural NOS) have been identified to date. eNOS and iNOS were detected in ovarian tissues of rats and mice [16] [17] [18] , and expression of eNOS mRNA was detected in luteinizing granulosa cells and luteal cells in human ovaries [19, 20] . The primary 2, 3 and 4, respectively). GAPDH mRNA expression was used as a control in the ovaries of SAMR and SAMP (A and B, respectively). In the ovaries of SAMP mice, no marked differences in eNOS mRNA expression were seen during the estrus cycle (D). Strong expression of iNOS was seen at proestrus stage (F). In the ovaries of SAMR mice, strong expressions of eNOS at estrus stage (C lane 2) and of iNOS at estrus and metestrus stages (E lanes 2 and 3) were detected. f u n ct i on o f th e l u te a l c el l s, p ro g es t er o n e p r o d uc t i o n , i s a c c o m p a n ie d b y e x te n s i v e development of the vascular system in LBs [21] and by maximal dilatation of LB capillary vessels [22] . It has been reported that dilatation of the vascular bed in LBs of rat ovaries is mediated by NO, and that the expression of eNOS mRNA in luteal cells, indicating NO production, is related to a decrease in progesterone synthesis [22] . Moreover, a recent study revealed that one major role of NO is the control of vascular endothelial growth factor synthesis, and that NO regulates angiogenesis in local capillary vessels [23] . In the present study, eNOS was immunohistochemically detected in the luteal cells of LBs of SAMR ovaries, but not in those of SAMP ovaries. iNOS was immunohistochemically detected in the luteal cells of all LBs of SAMR ovaries, but no iNOS-positive cells were formed in abnormally accumulated LBs in SAMP ovaries. Moreover, strong expression of eNOS mRNA at the estrus stage and of iNOS mRNA at the estrus and metestrus stages were noted in the ovaries of SAMR mice. However, no marked differences were seen in expression of eNOS mRNA during the estrus cycle in the ovaries of SAMP mice, while strong expression of iNOS was noted at the proestrus stage. The present findings suggested that both eNOS and iNOS, but especially the former, play important roles in the structural regression of LBs in murine ovaries, and that the luteal cells of abnormally accumulated LBs in SAMP mice have abnormalities in the NO synthesis pathway. The SAMP mouse is considered to be a useful animal model in which to study the local regulation mechanism of the regression of LBs in murine ovaries.
